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Summary
Knowledge of the chemical identity and role of urinary
pheromones in fish is scarce, yet it is necessary in order to
understand the integration of multiple senses in adaptive re-
sponses and the evolution of chemical communication [1].
In nature, Mozambique tilapia (Oreochromis mossambicus)
males form hierarchies, and females mate preferentially
with dominant territorial males, which they visit in aggrega-
tions or leks [2]. Dominant males have thicker urinary
bladder muscular walls than subordinates or females and
store large volumes of urine, which they release at increased
frequency in the presence of subordinate males or preovula-
tory, but not postspawned, females [3–5]. Females exposed
to dominant-male urine augment their release of the oocyte
maturation-inducing steroid 17a,20b-dihydroxypregn-4-en-
3-one (17,20b-P) [6]. Here we isolate and identify a male
Mozambique tilapia urinary sex pheromone as two epimeric
(20a- and 20b-) pregnanetriol 3-glucuronates. We show that
bothmales and females have high olfactory sensitivity to the
two steroids, which cross-adapt upon stimulation. Females
exposed to both steroids show a rapid, 10-fold increase in
production of 17,20b-P. Thus, the identified urinary steroids
prime the female endocrine system to accelerate oocyte
maturation and possibly promote spawning synchrony.
Tilapia are globally important as a food source but are also
invasive species, with devastating impact on local fresh-
water ecosystems [7, 8]. Identifying the chemical cues that
mediate reproduction may lead to the development of tools
for population control [9–11].
Results and Discussion
Bioassay-Guided Fractionation of Male Urine Samples
The Mozambique tilapia (Oreochromis mossambicus) olfac-
tory response to male urine and C18-SPE solid-phase extracts
of urine is positively correlated to social status (dominance
index, DI) of the donor (Figure 1D). The DI of donor males
was assessed by daily observation of donor males’ dominant
(aggressive displays, circling or mouth-to-mouth fights, court-
ship toward females, nest digging, dark color) and subordinate*Correspondence: acanario@ualg.pt(submissive displays, fleeing, light gray color) behaviors [3, 5].
Urine samples were subsequently collected from dominant (DI
R 0.8), intermediate (0.16 < DI < 0.8), and subordinate (DI R
0.16) males. Bioassay-guided fractionation of dominant-male
urine extracts by high-performance liquid chromatography
(HPLC) with evaporative light scattering detection (ELSD) re-
vealed one fraction (fraction A) with particularly strong olfac-
tory potency (Figures 1A and 1E; [5]). Fraction A did not absorb
ultraviolet radiation, indicating absence of chromophores.
Fraction A was also present, but at lower intensity (Figures
1B and 1C), in urine from intermediate and subordinate individ-
uals. Furthermore, the peak area of fraction A taken from
different individuals correlated positively with the amplitude
of the olfactory responses of the recipients (Figure 1E;
Spearman correlation, rs = 0.939, p < 0.001) and with the donor
DI (Figures 1A–1C and 1F; Spearman correlation, rs = 0.743,
p < 0.001).
Identification, Structure Elucidation, and Quantification
Ultraperformance liquid chromatography coupled high-reso-
lution mass spectrometry (UPLC-HRMS) of fraction A revealed
the presence of two compounds with similar retention times
(see Figure S1A available online) and molecular ions at m/z
511.2908 and 511.2912, in negative ionization polarity (Figures
S1B and S1C), indicating a neutral mass of the compounds of
512 Da. The indicated molecular formula C27H44O9 (Dppm
1.292) fits both compounds. Detailed electrospray mass spec-
trometry (ESI-MS) studies in the positive polarity (Figures S1D–
S1F) further revealed that these compounds contain a hexose
acid moiety attached to a steroid backbone (aglycone). The
consecutive losses of water observed after serial fragmenta-
tions indicated the presence of at least three oxygen atoms
bound to the aglycone unit.
The proton-nuclear magnetic resonance (1H NMR) spectrum
confirmed the presence of two closely related compounds,
i.e., stereoisomers (Figure 2C), as suggested by UPLC-
HRMS. Comparison of the 1H NMR spectrum of fraction A
with the spectra of the standards 5b-pregnane-3,17,20b-triol
(compound 2; Figure S3A) and 5b-pregnane-3,17,20a-triol
(compound 3; Figure S3A) preliminarily identified the aglycone
moiety of the urinary steroids as 5b-pregnane-3a,17,20-triols
(Figures S2A–S2C). The combined use of 1H-1H and 1H-13C
shift-correlated 2D NMR allowed full structural and stereo-
chemical elucidation of the two steroid conjugates as the
sodium salts of epimeric 5b-pregnane-3a,17a,20a-triol-3a-
glucuronate (compound 14; Figure 2D) and 5b-pregnane-
3a,17a,20b-triol-3a-glucuronate (compound 10; Figure 2E).
To confirm their chemical structure and test for bioactivity,
we synthesized both isomers from the precursor 3a,17-dihy-
droxy-5b-pregnan-20-one (compound 1; Figure S3A) via a
slightly modified previously described route [12] (Figures
S3A–S3C). Retention times on liquid chromatography-mass
spectrometry (LC-MS) (Figure 2F) and all spectral data for
the synthetic and natural compounds were identical (Figures
2A–2C and S2).
Quantification by LC-MS of compounds 14 and 10 in individ-
ual urine samples (mean6 SEM) found, respectively, 2.16 1.3
and 25.2 6 8.6 mM in subordinate (n = 6) and 12.8 6 3.8 and
Figure 1. The HPLC Peak Area in the Most Active
Urine Fraction A and Olfactory Responses to
Male Urine, Urine Extract, and Fraction A In-
crease with Male Social Rank in Tilapia
(A–C) Representative C18-HPLC chromatograms
of urine extracts from a dominant (A), intermedi-
ate (B), and subordinate (C) tilapia male. An evap-
orative light scattering detector (ELSD), universal
for nonvolatile compounds, was used for peak
detection. The olfactory most active peak was
collected between 63 and 66 min as fraction A
(as indicated by the horizontal bar above the
peak). Chenodeoxycholic acid (CDC) was
included as an internal standard. For liquid chro-
matography-based ESI-MS analyses of HPLC
fraction A, see Figure S1.
(D) Mean (n = 6) electro-olfactogram (EOG) re-
sponses normalized to 1025 M L-serine of three
males and three females elicited by raw urine
(gray circles), the corresponding C18-SPE urine
extract (white squares), and corresponding
HPLC fraction A (black triangles) at 1:10,000 v/v
dilution from 17 tilapia donor males of different
social rank given by the dominance index. Olfac-
tory responses to all stimuli were positively cor-
related with the social rank of the donor male
(Spearman correlation; urine: rs = 0.537, p =
0.0258; urine extract: rs = 0.591, p = 0.0124;
HPLC fraction A: rs = 0.784, p < 0.0001).
(E) Regression analysis (solid line) of mean EOG
responses normalized to 1025 M L-serine of three
males and three females elicited by fraction A
(black triangles) at 1:10,000 v/v dilution from the
same 17 males of different social rank as a func-
tion of HPLC peak areas (relative to 0.4 mM CDC
standard). Dashed lines indicate 95% confidence
interval (R2 = 0.9697, p < 0.0001).
(F) HPLC peak areas (relative to 0.4 mM CDC
standard) of fraction A of urine extracts from
the same 17 tilapia males as a function of the
dominance index. Both variables are strongly
positively correlated (Spearman correlation, rs =
0.743, p = 0.0002).
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with urine, urine extract, and fraction A, DI was positively
correlated with urinary concentration (Figure 2G) of compound
10 (Spearman correlation, rs = 0.790, p < 0.0001, n = 19) and
compound 14 (Spearman correlation, rs = 0.550, p = 0.0145,
n = 19).
Olfactory Sensitivity to the Identified and Synthesized
Compounds
Stimulation of the olfactory epitheliumwith increasing concen-
trations (10211 M to 1025 M) of the two synthetic pregnanetriol
3-glucuronates (Figure 3C) produced sigmoidal concen-
tration-response curves in males (Figure 3A) and females
(Figure 3B). The thresholds of detection were w1029 M, and
plateaus were reached at w1026 M. Interestingly, for both
males and females, compound 10 had a significantly lower
(mean 6 SEM) apparent half maximal effective concentration
EC50 (27.55 6 7.76 nM) and maximum response Imax (1.8 6
0.1) than compound 14 (88.18 6 11.68 nM and 1.99 6 0.12;
two-way repeated-measures ANOVA followed by Holm-Sidak
test; p < 0.001 and p = 0.019). The lower apparent EC50 indicate
a higher affinity of compound 10 than compound 14 for the ol-
factory receptor(s). The similar apparent Hill coefficients ofw1
for both isomers (%R; compound 14, 1.16 0.1; compound 10,
1.2 6 0.1) are consistent with a 1:1 binding ratio to thereceptor(s), with no cooperativity. No statistically significant
correlation was found between the gonadosomatic index
(size of ovaries relative to body size; range 0.39% to 7.63%)
and EC50 or Imax values of compound 10 (20b-epimer;
Spearman correlation, n = 11, rs = 20.491, p = 0.116 and rs =
0.255, p = 0.433, respectively) or compound 14 (20a-epimer;
Spearman correlation, n = 11, rs = 20.591, p = 0.051 and rs =
0.109, p = 0.734, respectively). This indicates that the olfactory
sensitivity of females to the two identified steroids is indepen-
dent of their reproductive condition.
There was no olfactory response to the aglycones of com-
pounds 2 and 3, even at 1026 M. Also, D-glucuronic acid
sodium salt alone or a mixture of the aglycone steroids and
D-glucuronic acid sodium salt at 1026 M was not detected,
nor were sulfated or C-17- or C-20-glucuronidated androgens
or progestogens (see also [13]). Similar olfactory sensitivity to
compounds 10 and 14 was found only with structurally related
C-3a glucuronidated steroids (e.g., 3a,17-dihydroxy-5b-preg-
nan-20-one 3a-glucuronate and etiocholan-3a-ol-17-one
3a-glucuronate), demonstrating that C-3a glucuronidation is
essential for the olfactory response to the two isomers and
suggesting an olfactory receptor mechanism specific for
3a-reduced 3-glucuronates.
Whether the two compounds share common olfactory re-
ceptor mechanisms was tested by cross-adaptation, in which
Figure 2. Two Isomers of 5b-Pregnanetriol 3a-Glucuronate Are Present in the Most Active Male Urine Fraction
(A–C) 1HNMR spectra (500MHz,MeOH-d4) of synthetic sodium 5b-pregnane-3a,17a,20b-triol 3a-glucuronate (compound 10) (A), synthetic sodium 5b-preg-
nane-3a,17a,20a-triol 3a-glucuronate (compound 14) (B), and HPLC fraction A (C). To the right of the full 1H NMR spectra, extensions of representative
(legend continued on next page)
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Figure 3. Synthetic Compounds 10 and 14 Evoke
Strong Olfactory Responses in Females and
Males
(A and B) Normalized (to response amplitude of
1025 M L-serine standard) EOG concentration-
response curves (mean 6 SEM) recorded from
males (A, n = 14) and females (B, n = 10) for the
synthetic compounds 14 (white circles) and 10
(black circles). The white and black triangles on
the curves indicate the respectivemean apparent
EC50 values.
(C) Typical EOG responses to the synthetic com-
pounds 14 and 10 at 1027 M recorded from a
tilapia male.
(D and E) EOG cross-adaptation. Relative EOG
response (mean 6 SEM) to 1026 M compound
14 (white bar, n = 10), 1026M compound 10 (black
bar, n = 10), and 1025 M taurochenodeoxycholic
acid (TCD) (gray bar, n = 6) as percentage of the
initial response (%Ri) to these compounds during
1026 M adaptation to either compound 10 (D) or
compound 14 (E). SAC = self-adapted control.
Different letters over the bars indicate significant
differences at p < 0.05: one-way repeated-mea-
sures ANOVA followed by Holm-Sidak post hoc
test, F2,14 = 223.3, p < 0.001 (D), F2,14 = 95.1, p <
0.001 (E).
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and then stimulated with the second [14]. In compound 10-
adapted olfactory epithelium (Figure 3D), the response to
compound 14 was the same as the self-adapted control, indi-
cating one or more shared receptor mechanisms. In contrast,
adaptation to compound 10 or 14 failed to reduce the
response to the bile acid taurochenodeoxycholic acid (TCD)
to below 80% of the unadapted TCD alone, indicating inde-
pendent receptor mechanisms. Reciprocal adaptation of
compound 10 to compound 14 (Figure 3E) strongly reduced
the response, unlike TCD, which further supports one or
more common olfactory receptor mechanisms for the two
isomers. The difference in response of compound 10
compared to the self-adapted control may reflect the higher
affinity of compound 10 for the olfactory receptor as indi-
cated by the lower apparent EC50. These results are consis-
tent with compounds 10 and 14 acting through one or morespectral regions are shown. Signal H-20a in (B) overlapswith the signal of an impurity (*) of themethyl glucu
dH1.9 in (C) represents the methyl group of acetate. For assignment of relevant signals, see also Table S1
ence NMR spectra in Figure S2. Chemical synthesis of both pregnanetriol 3-glucuronates from the aglyco
presented in Figure S3.
(D and E) Structures of the two principal components of Mozambique tilapia male urine extract: 5b-pregna
and 5b-pregnane-3a,17a,20b-triol 3-glucuronate (compound 10). Arrows indicate the epimeric center.
(F) LC-MS traces of raw Mozambique tilapia urine (dashed black) diluted 50 times and 5b-pregnane-3a,1
gray) and 5b-pregnane-3a,17a,20b-triol-3a-glucuronate (compound 10, solid black) at 10 mM in negative
(G) Correlation between male social status (dominance index) and urinary concentration of the sex pherom
arithm scale) of compound 14 (white triangles) and compound 10 (black triangles) are shown as a function
dominance index was positively correlated with the urinary concentration of compound 10 (Spearman co
pound 14 (Spearman correlation, rs = 0.550, p = 0.0145, n = 19). Note that for some males, concentrations
compound 14 (five males) and 8 mM for compound 10 (two males). Values assigned were 0.53 the detecshared olfactory receptors specific to
5b-reduced 3a-glucuronidated steroids
and distinct from that of TCD.
Can females use this sensory infor-
mation to assess the social status of
the male? Compounds at urinary con-
centrations of 10 and 14 would bemaximally detected by the olfactory system, and the receiver
would not be able to perceive the difference between the
two (Figure 3). However, urine is diluted as it is released into
the water, allowing for differential perception. For example, a
1/10,000 v/v dilution of dominant-male urine evokes strong ol-
factory [13] and endocrine responses in females [6]. Such a
dilution would contain 23 nM compound 10, which is close to
the EC50 value and lies on the steepest (i.e., linear) part of
the electro-olfactogram (EOG) concentration response curve,
while dilution of subordinate male urine would bring it to
near or below the detection limit. Furthermore, dilution of sub-
ordinate male urine would bring compound 14 necessarily to
below the detection limit. The effect of urine dilution together
with the dynamics of urine release by dominant males [5]
suggests a possible mechanism for females to distinguish
dominant from subordinate males by sensing pregnanetriol
3a-glucuronate concentration (see also below).ronate of compound 14. The large singlet signal at
and partial heteronuclear single quantum coher-
ne precursor 5b-pregnane-3a,17a-diol-20-one is
ne-3a,17a,20a-triol 3-glucuronate (compound 14)
7a,20a-triol-3a-glucuronate (compound 14, solid
ionization polarity.
one. Urinary concentrations in mM (common log-
of the dominance indices of the donor males. The
rrelation, rs = 0.790, p < 0.0001, n = 19) and com-
were below the LC-MS detection limit of 1 mM for
tion limit.
Figure 4. Male Urine and the Synthetic Pregnanetriol 3-Glucuronates
Increase the Release of the Oocyte Maturation Inducer 17,20b-P in Females
Release rates (mean 6 SEM) of 17,20b-dihydroxypregn-4-en-3-one (ng/kg/
hr) of eight female tilapia 1 hr before (black bar) and 1 hr after (gray
bar) exposure to the following stimuli diluted 1:10,000 v/v: conspecific
dominant-male urine, C18-SPE male urine extract, C18-SPE male urine
flowthrough, a 4:1 mixture of synthetic steroid glucuronates 10 and 14, or
methanol (control). All females had similar 17,20b-P release rates before
any stimulus was added. Females significantly increased 17,20b-P release
after stimulation with urine, urine extract, or the synthetic steroid mixture
(***p < 0.001), but not aqueous urine flowthrough or methanol control.
Different letters above bars indicate significant differences in 17,20b-P
release rates after stimulation, comparing the effect of raw male urine to
the other stimuli: two-way repeated-measures ANOVA followed by Holm-
Sidak post hoc test: F = 14.222, p < 0.001 (stimulus); F = 41.104, p < 0.001
(time); F = 10.898, p < 0.001 (interaction stimulus 3 time).
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Having established that both male and female tilapia are sen-
sitive to compounds 10 and 14, we tested whether the two
synthetic steroids are sufficient to emulate the priming effect
of male urine on maturation-inducing steroid production by
females [6]. Pre- and postspawned females were exposed
separately to five different test stimuli: (1) dominant-male
urine (1:10,000 v/v in tank water), (2) the corresponding C18-
SPE extract (i.e., the steroid-containing urine fraction), (3)
the aqueous flowthrough of C18-SPE, (4) a 50 nM 4:1 mixture
of the two isomers 10 and 14, and (5) methanol control. Be-
fore stimulation, females in the five trials (n = 8) released
17,20b-P into the water at similar rates (mean 6 SEM; 136 6
11.1 ng/kg/hr; Figure 4). One hour after applying the stimulus,
females exposed to dominant-male urine showed a highly sig-
nificant increase (nearly 10-fold) in the release rate of 17,20b-P
(1282 6 247.7 ng/kg/hr; Figure 4), in agreement with previous
observations [6]. Similar increases in 17,20b-P release rates
were also measured in females stimulated with the C18-SPE
urine extract (1324 6 250.5 ng/kg/hr) and with the synthetic
steroid mix (19706 434.3 ng/kg/hr). In contrast, no significant
change in 17,20b-P release rates was seen when the stimulus
was the aqueous C18-SPE urine flowthrough or methanol
control. The slightly higher release rate of 17,20b-P after stim-
ulation with the synthetic steroids as compared to raw urine or
urine extract (Figure 4) may be related to the higher concen-
tration of compounds 14 and 10 in the synthetic steroid
mixture (96.1 mM and 413.1 mM) than in the dominant-male
urine pool (17.7 mM and 263 mM). These results demonstrate
that the identified pregnanetriol glucuronates are responsible
for the observed priming effect of urine from dominant tilapiamales. Steroidal pheromone-mediated priming also exists in
goldfish (Carassius auratus), in which females release the
maturation-inducing steroid 17,20b-P (primarily via the gills)
and its sulfate (primarily via the urine) to stimulate gonadotro-
phin secretion, milt production, and sperm motility in males
[15–17]. Although 17,20b-P and 17,20a-P (including their sul-
fate and glucuronate conjugates), which are produced in the
testes [18, 19], are at higher concentration in urine of domi-
nant Mozambique tilapia males than in subordinates [20],
the species lacks olfactory sensitivity to these steroids [13].
We suggest that the urinary pregnanetriol-3a-glucuronates
10 and 14 from dominant tilapia males are honest signals, car-
rying information to the female about the male’s reproductive
performance, i.e., sperm quality. Also, as females prefer to
spawn in the vicinity of males artificially scented with domi-
nant-male urine (unpublished data), the two pregnanetriol
glucuronates 10 and 14 may have a releaser (i.e. behavioral)
effect on female mate choice and spawning decision. Given
that compound 10 is correlated with DI, is present at much
higher concentrations than compound 14, and has higher
olfactory potency than compound 14, we predict that com-
pound 10 is the main biologically active component. However,
the relative contributions of each steroid remain to be
investigated.
Although reproductive pheromones in teleosts have been
the focus of several studies during the past two decades, their
identity is known and their biological functions are defined
only in goldfish and masu salmon (Oncorhynchus masou)
[21]. Yet in both of the aforementioned species, females are
the signaling sex, and mating strategies and compounds
released are different from those in Mozambique tilapia. Our
study presents not only the first chemical identification of a
cichlid sex pheromone but also the first sex pheromone
from a teleost with a mating system strongly driven by female
mate choice, and in which territorial males signal to females.
Fish are the largest group of vertebrates and can use diverse
signals—visual cues, sound, electrical fields, and chemicals—
for communication. The chemical identification of a sex pher-
omone in male tilapia urine that primes the female reproduc-
tive system and possibly promotes spawning synchrony will
stimulate further research into chemical communication and
behavior, in particular how different sensory information is in-
tegrated. This should shed light on the role of chemical
communication in inter- and intrasexual selection, and how
the diversity of urinary pheromone signaling in freshwater
fishes has shaped reproductive strategies, social structure,
and evolution.
Experimental Procedures
Animals
Mozambique tilapia were maintained in accordance with specific legislation
for the use of laboratory animals under a ‘‘Group 1’’ license issued by the
Ministry of Agriculture, Rural Development and Fisheries of Portugal.
Mature male Mozambique tilapia, held in mixed-sex groups, were tagged
and observed daily to assess their social rank or dominance index (DI)
and to collect urine samples [3, 5] from dominant (DI R 0.8), intermediate
(0.16 < DI < 0.8), and subordinate (DI% 0.16) males.
Chemical Identification
Urine was extracted with C18 solid-phase cartridges, fractionated by HPLC,
and identified using MS and NMR spectroscopy as detailed in the Supple-
mental Experimental Procedures. Compounds 10 and 14 were chemically
synthesized from the precursor 3a,17-dihydroxy-5b-pregnan-20-one via a
slightly modified previously described method [12] as detailed in the Sup-
plemental Experimental Procedures.
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Electro-olfactograms and cross-adaptation tests were recorded as
described previously [5] and detailed in the Supplemental Experimental
Procedures.
Hormone Measurement
17,20b-P release into water was measured by radioimmunoassay as
described previously [6] and detailed in the Supplemental Experimental
Procedures.
Supplemental Information
Supplemental Information includes three figures, one table, and Supple-
mental Experimental Procedures and can be found with this article online
at http://dx.doi.org/10.1016/j.cub.2014.07.049.
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